Microbiopsies of the M.adductor magnus, which is an important locomotor muscle were taken to study the effects of six weeks of moderate aerobic treadmill training and their reversibility after a training pause of nine weeks in a group of seven Foxhound-Boxer-Ingelheim Labrador crossbreds. Materials and Methods: To study changes of myofibre morphometry standard morphometric methods were applied using light and transmission electron micrographs. Results: The capillary density was higher in trained condition than in untrained condition and after the end of training. In contrast, the capillaries per fiber as well as the capillary-to-fiber ratio, the distance between neighboring capillaries and the capillary supply area showed no significant change. Smaller myofibre diameters were found in muscles of dogs in trained condition when compared to the untrained condition but not when compared to myofibres nine weeks after the end of training. Training led to increases in the volume fraction of mitochondria within myofibres and an increase of the surface density of cristae within the mitochondria. The ratio of the surface density to the volume fraction of the mitochondria increased in response to training. Except for the decrease in myofibre diameter, all of the reported changes were reversible and measurements nine weeks after cessation of training did not differ from measurements before training started. Conclusion: The results of this study emphasize the ability of dogs to rapidly and flexibly adjust locomotor muscles to changing exercise regimes by up-and down regulation of the number and inner structure of the mitochondria while the capillary network remains stable.
Introduction
Cursorial hunting mammals like canids have proportionally larger skeletal muscles, higher proportions of mitochondria and capillaries within their muscles, and higher oxidative capacities of their muscle fibers than less athletic species (WEIBEL, BACIGALUPE, SCHMITT et al., 2004) .
Endurance training has been shown to lead to mitochondrial biogenesis (ZAMORA, TESSIER, MARCONNET et al., 1995; HOOD, IRRCHER, LJUBICIC et al., 2006; TARNOPOLSKY, RENNIE, ROBERTSHAW et al., 2007; HOYT, 2009 ). The relationship between maximum aerobic capacity and the amount of mitochondria within skeletal muscle tissue has long been established (for review see HOPPELER and FLÜCK, 2002; FLÜCK, 2006) . Inconsistent results have been found regarding adaptations of muscular capillarisation to training: some human (INGJER, 1979; ZUMSTEIN, MATHIEU, HOWALD et al., 1983) and animal (study animal: rat; POOLE and MATHIEU- COSTELLO, 1996) studies found increased capillarisation after training, other animal studies revealed no changes (study animal: European woodmouse; HOPPELER, LINDSTEDT, UHLMANN et al., 1984) . To compare the results of different studies is complicated due to differences in intensity and type of training scheme leading to different effects on muscles. For example in previously untrained humans, 6 weeks of endurance training led to 40% higher mitochondrial volume density, the capillary density increased by 29%, and the capillary-to-fiber ratio rose by 26% but no changes were measured in myofibre diameters (HOPPELER, HOWALD, CONLEY et al., 1985) . In contrast, 6 weeks of heavy-resistance training led to a 9.6% decrease of mitochondrial volume density and an 20% increase in myofibrillar volume (LÜTHI, HOWALD, CLAASSEN et al., 1986) in human volunteers. Often, the exercise scheme applied in a study is a mixture of endurance and resistance training, leading to specific adaptations of skeletal muscles. In dogs, for example, working Inuit Sled Dogs perform a combination of endurance exercise and resistance training when pulling a sled typically for 8-10 hours per day, leading to increases in fiber diameter with stable capillary network when compared to resting condition (GERTH, SUM, JACKSON et al., 2009) .
Due to the plasticity of muscle tissue, the morphological characteristics of the trained muscles may change with the discontinuation of the training stimulus. For example, in human endurance athletes cessation of training of only 2-3 weeks led to decreases in capillary density in a study by Houston, Bentzen and Larsen (1979) . In contrast, Coyle, Martin III, Sinacore et al. (1984) found no changes in capillarisation in endurance athletes after 84 days without training. Other authors (MUJIKA and PADILLA, 2001) point out that muscle fiber distribution remains unchanged during the initial weeks of inactivity, but, with prolonged inactivity a decrease in slow-twitch fibers has been found in endurance trained athletes while oxidative fiber distribution increased in resistance trained athletes.
The degree of adaptation to a given training regime also differs between different fiber types within the skeletal muscles. Because especially oxidative fibers are recruited during low intensity-endurance activities (WILMORE, COSTILL and KENNEY, 2008) , they benefit most from endurance training (ABERNETHY, THAYER and TAYLOR, 1990) . Skeletal muscles of dogs consist of only slow-twitch oxidative and fast-twitch oxidative fibers (BETIK, BAKER, KRAUSE et al., 2008) . Therefore, dogs are excellent model organism for studying muscle adaptations to aerobic training. The measurement of capillary density and capillary-to-fiber-ratio is an important determinant of blood supply to the working muscle. Depending on the pre-training activity level of the animal, training might induce increases in capillarisation. To elucidate explicitly the effects of the training scheme and exclude factors such as different ground structures and grades at the exercise track, a homogenous group of dogs was trained indoors at constant temperatures on a treadmill at zero incline. A clear defined standardised and repeatable moderate aerobic training scheme was applied to explore structural changes within a locomotor muscle, the M. adductor magnus. Because an aerobic endurance training program was applied, no muscle hypertrophy but an increase in muscle mitochondria was expected. The cristae within mitochondria are the place where oxidative phosphorylation occurs; therefore changes within the mitochondrial compartment were expected. Possible changes include an increase in cristae surface density or a conformation change within the mitochondrial compartment.
Aim of the study was to test for changes of the ultrastructure of the locomotor muscle M. adductor magnus in a homogenous group of kennel dogs after a moderate standardized aerobic treadmill training scheme and to assess the reversibility of such training effects.
Animals, Materials and Methods

Dogs and training
A group of seven intact female Foxhound-Boxer-Ingelheim Labrador crossbreds (4-6 years old, 29.0 ± 2.9 kg body weight, range: 25.8 to 34.8 kg) where used in this study. The dogs spent the day in groups of 4-5 dogs roaming freely in outdoor kennels (30-55m 2 ) and were housed individually or paired in indoor kennels (9 m 2 ) between 3pm and 8am on week days and between 1pm and 9am on weekends.
The dogs were accustomed to special handling procedures during a period of 10 weeks, before the actual training started. Training was conducted indoors at constant temperatures (20.8 ± 1.0 °C) on a custom made treadmill (WT-Metall, Bamberg, Germany) three days per week for 30-40 min per session for six weeks. To prevent overheating of the dogs during the training, a fan (Trotec, TTW 25000 S, Heinsberg, Germany) was positioned in front of the treadmill and wind speed was matched to running speed using an anemometer (Windmaster 2, Kaindl electronic, Rohrbach, Germany). Training intensity increased throughout the training period from 40 min trotting at 5 km/h in the first week to 30 min trotting at 10 km/h in the sixth week. Also, intensive training bouts were implemented in the training protocol starting in the fourth week including a high intensity interval training in the last training week (for details see Table 1 ). After the six weeks of training, the dogs resumed their former life style without training for another nine weeks.
Biopsy sampling and preparation of histological material
Microbiopsies of M. adductor magnus were taken using a 14 gauge spring-loaded side-cutting needle (Temno; Allegiance Healthcare, McGaw Park, IL) under local anesthesia. Biopsies taken from untrained dogs were labeled "untrained I", from trained dogs were labeled as "trained", and those taken from dogs nine weeks after the end of training were labeled "untrained II". After preservation in a solution of 2.5% glutardialdehyde in 0.1 mol l -1 phosphate buffer at pH 7.4, the biopsies were post-fixed in 1% osmium tetroxide, dehydrated in a series of ethanol and pure acetone, and embedded in Epon epoxy resin 
Histological morphometry and stereological measurements
Histological images of the muscle samples were taken with a digital camera (Olympus DP20, Olympus, Hamburg, Germany) attached to a light microscope (Olympus BX51, Olympus, Hamburg, Germany) using the software Cell D (Olympus, Hamburg, Germany). SigmaScan Pro 4 (SYSTAT Software Inc.) was used for morphometry measurements of semithin sections through muscles in transversal alignment to the fibers. In each cross section, 20-25 fibers were investigated with 2-3 slides per dog. The methods for measurements were applied as described by Gerth, Sum, Jackson et al. (2009) : 1) myofiber diameter (µm, the smallest diameter of each myofibre), 2) the number of myofibres per mm 2 (myofibre density, by counting the myofibres within a defined area), 3) the number of capillaries per mm 2 (capillary density, by counting the number of capillaries within a defined area), 4) the distance between neighboring capillaries (µm, by measuring distances between any capillaries that were direct neighbors), 5) the capillary-to-fiber ratio (by dividing the number of capillaries per mm 2 by the number of fibers per mm 2 ), and 6) counted the number of capillaries associated with each myofibre. From the distance between neighboring capillaries the area (µm 2 ) supplied by each capillary was calculated using the equation A=r 2 π with A=area supplied by each capillary and r=0.5 * distance between neighboring capillaries.
A transmission electron microscope (Morgagni 268, FEI, Hillsboro, Oregon USA) equipped with a digital camera (Mega View III, software iTEM 5.0; Build 1200, Olympus Soft Imaging Solutions, Hamburg, Germany) was used to obtain micrographs of muscle samples cut in random orientation. These micrographs were used for stereological assessment of the volume fraction of mitochondria within myofibrils by point counting at a magnification of ×5600, as well as surface density of cristae within the mitochondria at a magnification of ×36000 as outlined by Schwerzmann and Hoppeler (1985) . For estimation of the volume fraction of mitochondria at least 200 pointing events have to fall on mitochondria. At each subunit of a grid that was laid over the micrographs randomly, the tissue type was assessed at a defined point (here the edge of the left side at the bottom of the unit) and counted to obtain the relative number of hits of each tissue type within the image. Point counting was done using Fiji (SCHINDELIN, ARGANDA-CARRERAS, FRISE et al., 2012) . At each magnification, 20 micrographs were assessed per dog. Furthermore, the ratio of surface density of cristae to volume fraction of mitochondria was calculated. The following equation was used to calculate the volume fractions and surface densities, respectively in a reference volume with ∑P (ref) as sum of all counting events in the reference area (myofibres and mitochondria, respectively) and ∑P (x) as the sum of counting events of the component of interest (mitochondria and cristae, respectively):
To obtain the ratio of surface density to volume fraction of the mitochondria, ∑P (ref) was defined as sum of all counting events that covered parts of cristae and matrix of mitochondria and ∑P (x) was defined as sum of all counts that fell on outer membrane of mitochondria. Tissue-free space within the micrograph was always excluded from the counting.
Statistical analysis
Morphometric parameters and stereological counts were analyzed using Friedman Repeated Measures Analysis of Variance on Ranks (SigmaStat 3.5, SYSTAT Software INC.) with training condition as between-subjects factor. Pairwise comparisons between the three training conditions were performed using a post-hoc analysis (Holm-Sidak Test), and the significance level was set to p<0.05.
All procedures and protocols were conducted in accordance with the guidelines of the Protection of Animals Act and the study was approved by the representative of the Veterinary Faculty for animal welfare as well as the Government of Upper Bavaria (reference number 55.2.-1-54-2531-67-10).
Results
All dogs were healthy throughout the study and maintained a constant body mass.
Adaptations of the myofibres and capillary network
Micrographs of muscle fibers of dogs showed normal conformation in the three training conditions with capillaries arranged around fibers (Figure 1 ). No differences in size or arrangement of fibers were visible between the three conditions. The morphometric analysis of the light microscopy images showed significant differences (DF=2, F=4.85, p=0.034) of myofibre diameter between the training conditions. Myofibre diameter was smaller (Diff of Means=5.48, t=3.01, p=0.013) in muscle of trained dogs in comparison to the untrained I condition, but no significant differences were found between trained and untrained II. The myofibre density differed significantly (DF=2, F=5.20, p=0.028) between conditions, density was significantly smaller (Diff of Means=125.60, t=3.22, p=0.009) in untrained I condition when compared to trained condition but again, no differences were found between trained and untrained II condition. The capillary density differed significantly (DF=2, F=6.26, p=0.017): it was higher in trained condition than in untrained I (Diff of Means=223.54, t=3.06, p=0.012) and untrained II condition (Diff of Means=243.38, t=3.16, p=0.010) . In contrast, the capillaries per fiber as well as the capillary-to-fiber ratio, the distance between neighboring capillaries, and the capillary supply area revealed no significant change. The values of the morphometric measurements are given in Table 2 .
Adaptations of the mitochondrial compartment
Images of single myofibers showed normal sarcomeres in all training conditions (Figure 2 ). In the trained condition ( Figure 2b ) more mitochondria were found close by capillaries compared to untrained condition (Figure 2a, c) . No differences between conditions were visible of the amount of mitochondria that are situated between myofibrils. Mitochondria were fixed in the condensed state so that the double-leaflet structure of the cristae is visible in images of all training conditions (Figure 3a-c) . Next to the mitochondria numerous glycogen granules were visible as black dots. No differences in size or conformation were discernable when comparing mitochondria of the three training condition.
Using stereological counting, we measured significant differences (DF=2, F=4.56, p=0.034, condition. Compared to the trained condition, the volume fraction of mitochondria was 22.5% lower in untrained II condition (Diff of Means=0.04, t=2.37, p=0.04). Significant differences (DF=2, F=16.74, p<0.001) were also found in the surface density of cristae within the mitochondria (Figure 3 
Conclusions
The aim of this study was to explore structural changes of M. adductor magnus in response to a moderate aerobic training regime and the reversibility of effects after a training pause of nine weeks. No muscle hypertrophy was expected with the applied training scheme, but an increase in muscle mitochondria as well as an increase in cristae surface density was anticipated because the cristae within mitochondria are the place where oxidative phosphorylation occurs.
Adaptations of the myofibres and capillary network
Endurance training led to a decrease in myofibre diameter in the dogs lasting until nine weeks after the end of training. As mentioned before, skeletal muscles of dogs consist of fibers with uniformly high aerobic potential and low glycolytic capacity (ARMSTRONG, SAUBERT, SEEHERMAN et al., 1982; SNOW, BILLETER, MASCARELLO et al., 1982; KUZON JUNIOR, ROSENBLATT, PYNN et al., 1989) . According to Armstrong, Saubert, Seeherman et al. (1982) the M. adductor magnus consists of 28 to 46% of oxidative fibers which are susceptible to aerobic training (ABERNETHY, THAYER and TAYLOR, 1990; WILMORE, COSTILL and KENNEY, 2008) . The values for fiber diameter measured here (38.8-43.5 µm) were at or below the lower end of values reported for dogs of 40.5-53.7 µm by Kuzon Junior, Rosenblatt, Pynn et al. (1989) and 50-64µm reported by Z'berg and Augsburger (2002) . Breed specific variations may account for the difference in fiber size, for example were type II (glycolytic) fibers of the M. gracilis of hound-type dogs 12.7 µm thicker than the same fibers in Beagles with 41.0 µm (KUZON JUNIOR, ROSENBLATT, PYNN et al., 1989) . The origin of the specific fibers could also account for the differences, for example type I (oxidative) fibers differed by 9.5 µm between the M. gracilis (56.3 µm) and the caudal part of M. sartorius (46.8 µm) in hound-type dogs in the aforementioned study. In this study, no information is available about the type of the fibers that were analyzed. Only the change of mean diameter of all investigated fibers due to training level is reported here. No information from the literature could be found as to effects of moderate endurance training on fiber diameter. Therefore, it can only be speculated why the muscle fiber diameter decreased after the applied treadmill training. A possible explanation for the thicker muscle fibers in the untrained condition is that the dogs were more stressed at the first sampling occasion and therefore their muscles were tensed at the moment the biopsies were taken. This might have led to a larger diameter of tensed muscle fibers. At the second and third sampling day they might have been more accustomed to the handling and sound during the procedure. A systematic measurement error is unlikely because only cross sections were included in this measurement and only the smallest diameter was recorded, so no overestimation due to oblique sections through fibers occurred.
A stable capillary network of the locomotor muscles was found throughout the training and non-training periods as seen in the constant capillary-to-fiber ratio, number of capillaries surrounding a fiber, and distance between neighboring capillaries which led to unchanged areas supplied by each capillary. Only capillary density was significantly higher in trained condition when compared to both untrained conditions. Of all measurements conducted here, this is the most sensitive method in respect to measurement error. If, for example, some sections in a specific training condition were cut in a slightly oblique angle to the fibers, then the area occupied by myofibre tissue would be proportionally larger than in actual cross sections. The capillary density is derived from counts of sections through capillaries per area and the density would be underestimated in slightly oblique section because of the larger portion of myofibre tissue then in cross sections. With the reduction in fiber diameter from untrained to trained condition the fiber density rose, and so did the capillary density. If the capillary network did not change, than the capillary density inevitably increased with the reduction of myofibre diameter. This leads to the conclusion that the architecture of the capillary network was sufficient to ensure oxygen transport to the muscles throughout the entire study. Similar results have been reported when comparing Inuit Sled Dogs during summer resting condition with the same dogs in winter working condition (GERTH, SUM, JACKSON et al., 2009) . In humans, endurance training has been linked to increased capillarisation (KIENS, ESSEN-GUSTAVSSON, Table 3 . Volume fractions and surface densities of different ultrastractural parameters of FBI-dogs calculated from stereology counts from TEM-images of M.adductor magnus in different training conditions: before training (untrained I, n=7), in trained condition (trained, n=6) , and nine weeks after the end of training (untrained II, n=6); values are mean ± SD. CHRISTENSEN et al., 1993) , whereas Zumstein, Mathieu, Howald et al. (1983) found no differences in capillary density when comparing untrained men and women with well-trained orienteers. Hoppeler, Lindstedt, Uhlmann et al. (1984) found that capillary densities were neither affected by training nor by inactivation through light exposure during night time in another animal, the European woodmouse. The unchanged capillary network found in the study at hand is well in line with the aforementioned studies, especially because of the moderate nature and relatively short duration of the training applied here.
Volume fractions
Conflicting results have been found in human studies regarding changes in capillarisation after the cessation of training. While Coyle, Martin III, Sinacore et al. (1984) found no changes in capillarisation of endurance trained humans after 84 days without training, Houston, Bentzen and Larsen (1979) reported a decrease in capillary density already within 2-3 weeks of inactivity in endurance athletes. Again, given the short duration of the mild training applied in the study at hand, it is not surprising that no changes of capillarisation were found throughout the study.
The values for capillary density and number of capillaries surrounding a fiber measured here seem very high compared to other studies: Nguyen, Guigand, Goubault-Leroux et al. (2005) found densities of 316-401 capillaries per mm 2 in young dogs (4-10 months old), Kuzon Junior, Rosenblatt, Pynn et al. (1989) report values between 412-886 capillaries per mm 2 and 4.4-7.2 capillaries surrounding a fiber in young adult dogs (15-24 months old). Gerth, Sum, Jackson et al. (2009) previously found values ranging from 624 to 1041 capillaries per mm 2 and 4.5-6.6 capillaries surrounding a fiber in adult dogs (2-4 years of age). Age could be the explanation for these differences because the dogs in this study were considerably older (4-6 years old). Similar observations have been made in rats of different age (MATHIEU-COSTELLO, JU, TREJO-MORALES et al., 2005) . Also, the dogs used in the study at hand already had a good fitness level at the beginning due to the daily free group activity in the outdoor runs what might explain the relatively high capillarisation values reported here.
Adaptations of the mitochondrial compartment
The mitochondrial compartment flexibly adapted to the changing exercise regimes by up-and down-regulation (Table 3 ). The reported changes of mitochondria and cristae within mitochondria of the muscles were reversible by 9 weeks without training. Numerous studies reported an increase in mitochondrial volume due to endurance training, for example in rats (POOLE and MATHIEU-COSTELLO, 1996) , mice (HOPPELER, LINDSTEDT, UHLMANN et al., 1984) , horses (TYLER, GOLLAND, EVANS et al., 1998) , and in humans (HOPPELER, HOWALD, CONLEY et al., 1985; ZAMORA, TESSIER, MARCONNET et al., 1995; TARNOPOLSKY, RENNIE, ROBERTSHAW et al., 2007) . The rapid remission of mitochondrial adaptations to endurance training with the cessation of training has been shown at least in mitochondrial enzyme levels. For example, a treadmill training for 15 weeks doubled some mitochondrial marker enzymes in rats, with the activities of these enzymes returning to baseline values between 28-35 days after training cessation (BOOTH and HOLLOSZY, 1977) . In humans who had trained for 8 weeks, the increase in mitochondrial enzyme levels was reversed within 8 weeks of exercise cessation (KLAUSEN, ANDERSEN and PELLE, 1981) . Holloszy and Coyle (1984) pointed out that the increase in mitochondrial volume within skeletal muscles with endurance training is mediated by the contractile activity during exercise and not by exogenous stimuli such as alterations in hormonal status because mitochondrial adaptations are limited to the muscle fibers recruited in the specific exercise. Because the M. adductor magnus is involved in treadmill running and the muscle consists mainly of oxidative fibers that are recruited during submaximal running as applied in this study, the almost 30% increase in volume fraction of mitochondria is not surprising. Also, the almost complete return to baseline levels after nine weeks of training cessation is in agreement with the aforementioned studies on humans and rats. Not only volume fraction of mitochondria changed with training but also the internal structure of the mitochondria in the study at hand. Surface density of the cristae within mitochondria increased by 23% with training and returned to baseline levels after nine weeks without training. So training does not just lead to the production of more mitochondria of the same kind but also alters the internal structure and presumably the physiological parameters and function of the mitochondrial network as pointed out by Gnaiger (2009 ). Votion, Gnaiger, Lemieux et al. (2012 highlighted the importance that qualitative changes in mitochondrial function are superimposed on a shift towards higher mitochondrial density in trained horses when compared to untrained horses. Another indicator of change in mitochondrial network architecture is the ratio of the surface density to volume fraction of the mitochondria. This ratio was similar in the two untrained conditions, but the value was almost 12% higher in the trained condition. The smallest value could be obtained in circular sections. The more oblique or longitudinal a section through a mitochondrion is, the higher the value of ratio of circumference to area. A stronger interconnection between mitochondria within the myofibres would increase the chance to hit longitudinal sections through branches of the mitochondrial network. We interpret this significant change in the trained state as a sign of a more intensively developed mitochondrial network with more linkages developed between the subsarcolemmal and intermyofibrillar mitochondria as discussed by Kirkwood, Munn and Brooks et al. (1986) .
Summary
Moderate aerobic endurance training for six weeks led to an increase in mitochondrial volume fraction and in surface density of cristae within mitochondria, as well as a different ratio of the surface density to volume fraction of the mitochondria in Foxhound crossbred dogs. The muscle fiber diameter decreased in response to training but the capillary network remained unchanged. After a training pause of nine weeks the aforementioned alterations of the mitochondrial compartment had returned to base line levels. Only the myofibre diameter did not return to baseline values with cessation of training. The results of this study emphasize the ability of dogs to rapidly and flexibly adjust locomotor muscles to changing exercise regimes by up-and down-regulation of number as well as inner structure of mitochondria while the capillary network remains stable.
